1. Introduction {#s0005}
===============

The potent neurotoxin methyl mercury (MeHg) bioaccumulates in aquatic organisms from lower to higher trophic levels and with increasing body size and age ([@bb0060; @bb0065; @bb0090]). Methyl Hg may negatively affect human health ([@bb0025; @bb0055]) as concentrations in diet fish increase with increasing trophic position, thus with the length of the food chain ([@bb0115; @bb0155]). In the case of planktivorous and benthivorous fish raised in semi-intensive aquaculture ([@bb0150]), the use of formulated compound feeds based on fish from marine sources may represent an 'artificial elongation' of their food chain that may thus cause a higher dietary MeHg supply to fish. Such additional diet supply may equally increase somatic growth performance of fish, which also results in a higher productivity of aquaculture systems. However, the effects of supplementary fish feeds on MeHg concentrations in fish are still contradictory. For example, while [@bb0175] found no effects of supplementary feeding of formulated compound feeds on MeHg bioaccumulation in aquaculture fish (i.e., *Salmo salar*), other studies reported higher MeHg concentrations in a variety of aquaculture fish when exposed to supplementary, marine fish-based feeds ([@bb0015; @bb0020]). However, elucidating such differing effects of MeHg bioaccumulation requires a mechanistic explanation.

Understanding how dietary MeHg affects its bioaccumulation in common carp (*Cyprinus carpio* L.), as a major diet fish worldwide ([@bb0170]), is crucial, yet thus far poorly understood. In semi-intensive aquaculture, carp are exposed to different diet sources: zooplankton and benthic organisms are natural sources, whereas cereals or formulated pellet feeds represent supplementary diet sources. As cultured freshwater fish species are an important source of protein and essential fatty acids for landlocked countries ([@bb0010; @bb0125; @bb0165]), current and future knowledge about the possibilities of modulating diet quality with respect to the requirements of fish species and human nutrition should be used to produce sustainable, high-quality fish for human consumption. Thus, the potential risks of feeding commercial diets to farm-raised fish include MeHg bioaccumulation that needs to be assessed to gain an understanding of how different food sources affect MeHg bioaccumulation in carp.

The aim of this study was to evaluate how natural and supplementary diet sources affect MeHg concentrations of one (K1) and two (K2) year-old farm-raised common carp. The dietary effect on MeHg bioaccumulation can be best investigated during the early ontogeny of carp, as prior to sexual maturity the potential allocation of contaminants to reproductive tissue is negligible ([@bb0185]).

Based on previous results showing that marine fish-based feeds are of high biochemical quality and contain, in particular, higher concentrations of beneficial polyunsaturated fatty acids than VO based feeds ([@bb0190; @bb0140]), it was hypothesized that carp preferentially feed on and retain supplementary FO diets over VO based diets and natural zooplankton. It is expected that the results of this study will provide detailed information on how MeHg bioaccumulation in carp is affected by diet sources and can thus be manipulated using different diet quality. Furthermore, these results will help to identify the main dietary routes of MeHg bioaccumulation in fish produced using semi-intensive aquaculture ([@bb0150]).

2. Materials and methods {#s0010}
========================

MeHg bioaccumulation in one- (K1) and two-year (K2) old common carp (*C. carpio* L.) was investigated over two growth seasons (K1-carp: 2008 and K2-carp: 2009), respectively, in six aquaculture ponds in temperate Lower Austria (N 48.815049, E 15.297321). In April, carp from the same stock were introduced to six different ponds, of which five were supplemented with feeds of different dietary qualities according to established aquaculture practice. The quality with respect to nutritional values was defined by different lipid concentrations (high lipid concentration = higher quality) and their sources (vegetable oils = medium quality; fish oils = high quality).

The reference pond only contained a natural pond diet, i.e., zooplankton. Fish of ponds 2 and 3 additionally received a commonly used cereal diet (triticale) with 1% (VO1) and 3% (VO3) milk thistle oil supplements (vegetable oil; VO). Carp of ponds 4, 5, and 6 additionally obtained commercial compound feeds based on marine fish meal, enriched with marine fish oil (FO) of different lipid concentrations; i.e., 6% (FO6), 10% (FO10), and 18% (FO18). This setup was chosen to investigate the relationships among different diet qualities and MeHg bioaccumulation in common carp under 'real world' aquaculture conditions. Feeds were supplied using pendulum feeders that were activated by the fish.

The quantity of feed supply and stocking rates of carp were designed according to established aquaculture methods. The quantity of supplementary fish feed applied per fish was 0.24 ± 0.06 kg year^− 1^ (2008) for K1-carp and 1.22 ± 0.24 kg year^− 1^ (2009) for K2-carp of each pond. The nutritional values of the marine compound feeds were provided by the manufacturer (Garant-Tiernahrung™, Austria; [Table 1](#t0005){ref-type="table"}).

2.1. Sampling {#s0025}
-------------

Carp (K1, n = 10; K2, n = 5--7; per pond and campaign) and corresponding zooplankton of each pond were collected after 100 (July, summer campaign) and 200 days of the growth season (November; fall campaign). For logistical reasons it was not possible to collect carp from the reference pond during summer and from the pond supplied with diet VO1 in fall 2008. Fish were measured (± 0.1 cm), weighed (± 0.1 g), and kept frozen (− 80 °C) until further analyses.

Zooplankton was sampled at each pond using net tows (100 μm mesh size), subsequently separated into different size fractions (250--500 μm and \> 500 μm) by using a separation tower, and kept frozen (− 80 °C) until further analyses. These two larger size classes were used as they represented the primary natural food source of farm-raised common carp ([@bb0120]).

2.2. MeHg analysis of carp and corresponding diets {#s0030}
--------------------------------------------------

Methyl Hg was analyzed (triplicates) for each pond from freeze-dried, homogenized fish (fall campaign) and supplementary fish feeds (approximately 250 mg) as described by [@bb0145]. In brief, the extraction of MeHg was conducted by ultrasonic extraction in the mobile phase utilized for chromatographic separation. An aliquot of the extract was filtered (0.22 μm) and analyzed using HPLC coupled to an ICP-MS. The most abundant mercury isotope (*m/z* 202) was used for data evaluation. Subsequently, MeHg was quantified compared to known standards. For MeHg analysis of freeze-dried zooplankton (0.5--1 mg; summer and fall samples), organisms were homogenized and digested in 0.5 mL of a KOH/MeOH (1 g · 4 mL^− 1^) solution for 8 h at 70 °C. MeHg was separated by GC and subsequently quantified using atomic fluorescence spectrometry ([@bb0195]). Means (± SD) of analytical duplicates were reported and precision and reproducibility were evaluated using known MeHg standards and certified reference materials (NIST 2976, IAEA 405 and TORT-2 with recovery rates of 97, 95 and 101%, respectively).

2.3. Stable isotopes analysis and ^13^C lipid correction {#s0035}
--------------------------------------------------------

Signatures of stable carbon and nitrogen isotopes (δ^13^C and δ^15^N) of freeze-dried and homogenized fish, zooplankton, and supplementary feed samples (≈ 1 mg) were analyzed using an elemental analyzer (EA 1110, CE Instruments, Milan, Italy) interfaced via a ConFloII device (Finnigan MAT, Bremen, Germany) to a continuous flow stable isotope ratio mass spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany) as described elsewhere ([@bb0050; @bb0160]). Nitrogen (Air Liquide™) and CO~2~ were used as reference gases. Calibration was performed using the air international standard IAEA-N-1, IAEA-N-2, and IAEA-NO-3 (IAEA, Vienna, Austria) for nitrogen and IAEA-CH-6, IAEA-CH-7 (International Atomic Energy Agency) for carbon. The standard deviations (SD) of repeated measurements of laboratory standards were 0.10‰ and 0.15‰ for δ^13^C and δ^15^N, respectively.

A lipid correction was applied to ^13^C values, based on the model of [@bb0080], as values for ^13^C in lipids were generally depleted compared to values of lipid extracted tissues ([@bb0075]). The model used C:N ratios as a proxy for total lipid contents and normalized ^13^C values of samples varying to large extent in lipid concentrations (e.g., fish and zooplankton). The proportional lipid content (*L*) and lipid-normalized δ^13^C values were defined as:$$L = \frac{93}{1 + \left( 0.246 \times \left( C:N \right) - 0.775 \right)^{- 1}}$$and$$\delta^{13}C^{'} = \delta^{13}C + D \times \left( I + \frac{3.90}{1 + 287/L} \right)$$where δ^13^C′ is the lipid-normalized value of the sample and δ^13^C the measured value of the sample. *L* represents the proportional lipid content of the sample and C:N the proportion of carbon and nitrogen in the sample. The protein-lipid discrimination (*D*) was set to 7‰ as suggested by [@bb0130]. *I* defines the intersection on the *x*-axis ([@bb0075]) and assigned a value of − 0.207.

All stable isotope values were reported in the δ notation where δ^13^C or δ^15^N = (\[*R*~sample~ / *R*~standard~\] − 1) × 1000 were ^13^C:^12^C or ^15^N:^14^N ([@bb0105]).

2.4. Food source identification/mixing models {#s0040}
---------------------------------------------

The dietary contribution of zooplankton and added feeds to the carp diets was assessed using SIA*R* (Stable Isotope Analysis in *R*). Fractionation factors of ^13^C and ^15^N between trophic levels (i.e., potential food sources and carp) were set at 1.1 ± 0.3‰ and 2.8 ± 0.4‰ for C and N, respectively ([@bb0085]). Zooplankton and the additional fish feeds were used as the only potential food sources in the mixing models as zooplankton was identified (gut content analyses) to be the major natural food source for carp in all ponds. Moreover, benthic invertebrates were absent in sediments (analyses of sediments) and carp (gut content analysis).

2.5. Statistical analysis {#s0045}
-------------------------

Differences between mean MeHg concentrations were analyzed by using non-parametric tests (Kruskal--Wallis). For pair-wise comparisons (MeHg of carp), Mann--Whitney-*U*-test was used as a post hoc test and the Bonferroni--Holm\'s correction was applied for local alpha. Linear regression analysis (Spearson\'s correlation) was used to investigate relationships between food source proportions and MeHg concentrations of carp. Differences between means of fish length and weight were analyzed using analysis of variance (ANOVA) followed by Bonferroni\'s post hoc tests. The level of significance of all statistical tests was set at *p* \< 0.05. Statistical analyses were performed using SPSS (15.0) and *R*.

3. Results {#s0015}
==========

3.1. Zooplankton composition and fish size {#s0050}
------------------------------------------

*Daphnia longispina* and *Bosmina longirostis* dominated both zooplankton size classes, followed by cyclopoid (*Eucyclops* sp.) and, to a lesser extent, calanoid copepods (*Eudiaptomus* sp.). Body length and weight of K1- and K2-carp differed significantly among ponds ([Table 2](#t0010){ref-type="table"}). K1-carp of pond VO3 were significantly larger and had significantly higher body weight than K1-carp of all other ponds. K2-carp of pond FO18 were significantly larger than fish of VO or reference ponds and had significantly higher body weight, whereas K2-carp of pond VO1 were significantly smaller and had the lowest body weight of all K2-carp.

3.2. MeHg concentrations of zooplankton and supplied fish feeds {#s0070}
---------------------------------------------------------------

MeHg concentrations of zooplankton ([Table 3](#t0015){ref-type="table"}) were generally higher in FO (17--264 ng g^− 1^) than in VO ponds or the reference pond (10--54 ng g^− 1^). In summer 2008, MeHg concentrations were higher in zooplankton \> 500 μm of the reference pond than of ponds FO10 and FO18. In fall 2009, MeHg concentrations of medium sized zooplankton (250--500 μm) of pond FO18 were likewise slightly decreased compared to the reference pond. MeHg concentrations of zooplankton (250--500 μm) significantly differed among ponds of summer 2008 and fall 2009, whereas no significant differences among ponds were recorded during fall 2008 and summer 2009. MeHg concentrations of zooplankton \> 500 μm generally differed significantly among ponds ([Table 3](#t0015){ref-type="table"}). No MeHg concentrations were detectable in supplementary FO and VO feeds (detection limit 6 ng g^− 1^).

3.3. MeHg concentrations of common carp {#s0055}
---------------------------------------

Carp generally showed a clear trend of lower MeHg concentrations in FO ponds and higher MeHg concentrations in VO ponds (up to 86 ng g^− 1^ dry weight in K2-carp of pond VO1). MeHg concentrations of K1- and K2-carp of VO ponds were generally higher than those of carp of the reference pond ([Fig. 1](#f0005){ref-type="fig"}). At the end of the respective growth season, MeHg concentrations differed significantly among groups of K2-carp, whereas no significant differences were found among the ponds for K1-carp. Due to high standard deviations and low local alpha, pairwise comparisons (Mann--Whitney-*U*-test) could not detect any significant differences between distinct ponds, but regression analysis revealed that increasing dietary proportions of additional fish feeds caused MeHg concentrations of K1 and K2-carp to decrease ([Fig. 2](#f0010){ref-type="fig"}). Feeding on different diet sources accounted for 42% of MeHg variability in carp (p \< 0.002; *R*^2^ = 0.42; slope: − 0.492).

3.4. Stable isotopes and mixing models {#s0060}
--------------------------------------

Carp had generally lighter δ^13^C signatures (lipid corrected) when fed on VO than FO diets, whereas no diet-specific patterns of δ^15^N signatures were detected ([Table 4](#t0020){ref-type="table"}). Zooplankton δ^13^C and δ^15^N signatures ranged from − 22.2‰ to − 35‰ and 3.7‰ to 12.1‰, respectively. Supplementary feeds had generally similar δ^13^C signatures (− 20.9‰ to − 22.7‰; but − 16.3‰ for FO6 in 2008) and δ^15^N signatures ranged from 2.6‰ to 7.3‰ ([Table 4](#t0020){ref-type="table"}). Zooplankton size classes of each pond and sampling campaign did not differ in their stable isotope signatures and where pooled for the analysis of mixing models.

Stable isotope mixing models showed that supplied feeds contributed 59.7 ± 10.5% (46.1--76.5%, min--max) to the diets of carp of FO ponds ([Fig. 3](#f0015){ref-type="fig"}). In contrast, carp fed on VO feeds relied mostly on zooplankton and only used 17.7 ± 5.5% (9.8--22.9%, min--max) of the supplied feeds as a dietary source.

4. Discussion {#s0020}
=============

MeHg concentrations were lowest in carp of ponds supplied with FO diets. Carp of these ponds exhibited lower MeHg concentrations compared to carp fed exclusively on zooplankton or on additional VO diets. It is noticeable that MeHg concentrations of carp of VO and reference ponds were higher than MeHg measured in corresponding zooplankton, while MeHg concentrations of carp of FO ponds were generally lower than concentrations detected in zooplankton. These findings are unexpected as the MeHg concentrations of zooplankton of the FO ponds showed generally higher concentrations compared to those of VO or reference ponds. Because MeHg bioaccumulates in organisms with increasing trophic levels ([@bb0115; @bb0155]), MeHg concentrations of carp were expected to be higher than of pond zooplankton in all ponds (effect of higher trophic level). In particular, MeHg concentrations should have been higher in carp of FO ponds compared to carp of VO ponds due to the generally higher MeHg concentrations in zooplankton of FO ponds.

By selectively feeding on supplementary feeds, carp exposed to FO feeds retained lower dietary MeHg than carp of VO and reference ponds, the latter feeding mainly or exclusively on zooplankton. These results strongly indicate that MeHg concentrations of carp were therefore directly influenced by their feeding behavior and correlated negatively with increasing dietary proportions of supplemented fish feeds. In contrast, supplementary VO feeds contributed generally less to the carp diet, but carp exposed to VO feeds contained highest MeHg concentrations. This demonstrates that pond zooplankton, but not supplementary feeds, was the main vector for MeHg bioaccumulation of carp and possibly even other fish raised in semi-intensive aquaculture.

Differences in dietary proportions of supplementary fish feeds (VO vs. FO) were unexpected as the fish equally initiated the supply of all additional feeds. Clearly, the higher quality of supplementary compound feeds directly affected the feeding behavior of carp (higher demand for FO diets) and therefore MeHg concentrations of carp muscle tissues. The contribution of supplied feeds to the diet of carp did not differ among K1- and K2-carp and FO diets were generally assimilated to a large extent (46.1--76.5%). The much lower proportion of ingested VO diets (9.8--22.9%) resulted in a higher amount of zooplankton food for carp exposed to VO diets. Regression analyses revealed that increasing dietary proportion of supplementary, high-quality diets resulted in lower MeHg concentrations in carp and predicted 42% of the MeHg variability of carp. Seasonal variation of MeHg concentrations in zooplankton and/or growth dilution effects may have reduced the predictive power of food source use with respect to MeHg bioaccumulation in carp for the current study.

The correlation coefficient may have been lowered by strong variability of MeHg concentrations in zooplankton between the different seasons and ponds. Although carp exposed to FO feeds used a much higher proportion of this supplemented diet source, they concurrently fed to various degrees upon zooplankton. Therefore, MeHg concentrations of carp muscle tissues reflected an integrated value of zooplankton-derived MeHg consumed over the entire growing season in the fish of all ponds. In addition to naturally varying MeHg concentrations among different aquatic systems, it was demonstrated that zooplankton shows a strong seasonal variation of MeHg concentrations with lowest concentrations in spring, peaking MeHg during mid summer and slightly decreased concentrations in late summer ([@bb0045; @bb0060]). Although such clear seasonal variations were not found in this study, MeHg concentrations of zooplankton differed among ponds and between summer and fall. Although MeHg concentrations in carp represent a time integrated value of MeHg bioaccumulation, the proportion of supplementary feeds consumed by carp still correlates negatively with their MeHg concentrations, emphasizing the high importance of diet source quality on MeHg bioaccumulation of carp.

As the bioaccumulation of MeHg is a function of body size, weight, and age of an organism ([@bb0060; @bb0090]), enhanced somatic growth, in particular of the K2-carp of the FO ponds, may have suppressed the dietary effect of zooplankton-derived MeHg in these carp. It needs to be noticed that MeHg concentrations of the zooplankton in FO ponds were clearly higher than in other ponds. Although feeding on relatively less zooplankton, dietary contribution of zooplankton-derived MeHg to carp of the FO ponds might have reached similar MeHg concentrations compared to carp of the VO and reference ponds, the latter feeding on a higher zooplankton proportion, yet lower zooplankton-derived MeHg concentrations. MeHg concentrations did not differ significantly between K1- and K2-carp, however, the K2-carp of FO ponds had significantly higher body weights than the carp of VO ponds, which strongly suggests that the low MeHg concentrations may have also been caused, in part, by growth dilution in these ponds receiving high quality diets. Such diet quality related effect is likely because the K2-carp of pond VO1 had the highest MeHg concentrations, yet the lowest body weight of all ponds. Thus, finding the lowest MeHg concentrations and highest body weight/length in K2-carp of ponds supplied with FO diets emphasizes the importance of high diet quality on lowering MeHg concentrations per unit biomass. We relate such beneficial effects to dietary fish oils that are, compared to vegetable oils, rich in polyunsaturated fatty acids (PUFA), in particular long chain omega-3 PUFA ([@bb0190]). Even if weakly lipophilic and not directly related to fatty acids ([@bb0180]), MeHg concentrations may be directly influenced by omega-3 PUFA rich diets (FO diets) as these generally support the somatic growth of fish ([@bb0030; @bb0135]). Therefore, modulating the effect of growth dilution, feeds of biochemically high quality potentially lead to considerable reductions of total MeHg concentrations in farm-raised fish, yet provide increased fish yields.

This study has shown that carp preferably ingest and retain high quality diet sources. This important diet fish clearly preferred feeding on supplementary compound feeds (up to 76.5%) over zooplankton, suggesting that these feeds contain highly suitable dietary compounds that carp require for their physiological development. The FO diet selection resulted in lower MeHg bioaccumulation in carp because this preferentially obtained diet contained, per unit biomass, less MeHg than zooplankton. These results suggest that carp, and perhaps also other farm-raised freshwater fish, can reduce their MeHg bioaccumulation by selective feeding on biochemically high quality diet sources that subsequently support somatic growth and fish health ([@bb0005]). However, we stress that such high quality feeds should be derived from either autochthonous or other environmentally sustainable sources and not from marine sources. Identifying such sustainable high quality food sources without MeHg or other contaminants for diet fish still remains a scientific challenge for the near future.
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![MeHg concentrations (mean ± SD; dry weight) of one-year (K1; black bars; n = 3) and two-year old carp (K2; white bars; n = 3) at the end of growing season (fall). Ponds: Natural pond diet (Ref.), cereal diet with 1% (VO1) and 3% vegetable oil (VO3), compound feeds with 6% (FO6), 10% (FO10) and 18% fish oil (FO18).](gr1){#f0005}

![Effect of dietary food source retention on MeHg concentrations of one- and two-year old carp (summer and fall sampling). Gray triangles: natural diet (zooplankton); dark gray squares: terrestrial diets (VO1; VO3); black dots: marine compound feeds (FO6; FO10; FO18).](gr2){#f0010}

![Dietary retention (SIA*R* mixing models) of natural diet (zooplankton; dark bars) and additional fish feeds (white bars) in one- (K1) and two-year old (K2) carp. Labels of the *y*-axis represent dietary supply: natural pond diet (Ref.), cereal diet with 1% (VO1) and 3% vegetable oil (VO3), compound feeds with 6% (FO6), 10% (FO10) and 18% fish oil (FO18).](gr3){#f0015}

###### 

Relative composition (\> 0.5%) and ingredients of commercial compound feeds (Garant-Tiernahrung™, Austria).

  Composition             FO6     FO10   FO18
  ----------------------- ------- ------ ------
  Crude protein           30.0    32.0   36.0
  Total lipids            6.0     10.0   18.0
  Fiber                   3.8     3.3    2.5
  Ash                     12.0    9.0    9.0
                                         
  Ingredients             FO6     FO10   FO18
                                         
  Soybean meal            29.9    24.5   25.3
  Wheat                   14.0    14.2   13.3
  Rapeseed press cake     12.5    10.0   7.5
  Corn                    10.0    7.5    3.5
  Wheat flour             10.0    7.5    --
  Peas                    7.5     7.5    5.0
  Fish meal (68%)         6.7     14.4   24.3
  Soy beans               2.5     5.0    5.0
  Fish oil                2.3     3.0    3.0
  Fish oil (sprayed on)   --      2.7    10.5
  Monocalciumphosphate    2.0     1.8    1.3
  Calcium carbonate       1\. 6   1.0    0.5

###### 

Standard length (seedlings K1 = total length) and weight of one- (K1) and two- (K2) year old carp (*C. carpio*; mean ± SD). Same letters indicate significant differences between means among ponds (*p* \< 0.05; Bonferroni\'s post hoc test). Diets: natural pond diet (Ref.), cereal diet with 1% (VO1) and 3% vegetable oil (VO3), compound feeds with 6% (FO6), 10% (FO10) and 18% fish oil (FO18). n/a: samples not available.

  Diet        *C. carpio* K1        *C. carpio* K2                                  
  ----------- --------------------- ----------------------- ----------------------- ---------------------------
  Seedlings   9.0 ± 1.5             10.7 ± 5.3              18.6 ± 2.8              196.6 ± 51.8
  Ref.        18.5 ± 1.0^a^         207.7 ± 28.0^a^         27.9 ± 2.7^a,b^         686.5 ± 205.5^a,b,c^
  VO1         n/a                   n/a                     21.2 ± 1.9^a,c,d,e,f^   268.2 ± 56.5^a,d,e,f,g^
  VO3         24.8 ± 1.2^a,b,c,d^   485.2 ± 83.0^a,b,c,d^   28.6 ± 1.9^c,g^         668.4 ± 114.6^d,h,i,j^
  FO6         17.7 ± 1.3^b^         173.6 ± 38.0^b^         31.2 ± 1.3^d^           952.6 ± 66.8^e,h,k^
  FO10        19.5 ± 2.4^c^         256.2 ± 104.7^c^        31.4 ± 1.5^e^           1022.5 ± 119.1^b,f,i,l^
  FO18        19.1 ± 2.2^d^         260.2 ± 91.0^d^         33.6 ± 2.2^b,f,g^       1413.7 ± 228.1^c,g,j,k,l^

###### 

MeHg concentrations (ng g^− 1^ dry weight; mean ± SD) of zooplankton size classes. Asterisks indicate significant differences among ponds (Kruskal--Wallis-*H*-test, p \< 0.05). Diets: natural pond diet (Ref.), cereal diet with 1% (VO1) and 3% vegetable oil (VO3), compound feeds with 6% (FO6), 10% (FO10) and 18% fish oil (FO18). n/a: samples not available.

  Diet   250--500 μm    \> 500 μm                     
  ------ -------------- -------------- -------------- -------------
  Ref.   15.5 ± 0.7     25.5 ± 0.7     43.5 ± 2.1     34.0 ± 1.4
  VO1    12.5 ± 0.7     41.0 ± 1.4     10.0 ± 6.4     35.0 ± 9.8
  VO3    11.5 ± 0.7     49.5 ± 0.7     12.0 ± 0.0     38.3 ± 8.4
  FO6    87.0 ± 2.8     70.0 ± 2.8     103.0 ± 1.4    87.5 ± 3.5
  FO10   51.5 ± 2.1     151.0 ± 5.7    17.5 ± 0.7     134.5 ± 7.8
  FO18   26.5 ± 4.6     55.5 ± 2.1     35.5 ± 2.1     52.0 ± 2.8
                                                      
  2009   Summer         Fall\*         Summer         Fall\*
                                                      
  Ref.   60.2 ± 2.9     51.0 ± 2.8     n/a            n/a
  VO1    54.4 ± 2.6     21.0 ± 0.0     n/a            21.6 ± 2.3
  VO3    47.5 ± 0.8     6.5 ± 0.1      n/a            11.0 ± 0.0
  FO6    130.6 ± 0.3    228.0 ± 75.2   122.9 ± 3.6    113.0 ± 1.4
  FO10   170.4 ± 74.9   n/a            n/a            n/a
  FO18   116.2 ± 5.1    46.0 ± 4.8     264.8 ± 61.6   70.5 ± 12.3

###### 

Delta-^13^C (lipid corrected) and δ^15^N signatures of one- (K1) and two- (K2) year old carp, pond zooplankton, and supplementary feeds (‰; mean ± SD). Diets: natural pond diet (Ref.), cereal diet with 1% (VO1) and 3% vegetable oil (VO3), compound feeds with 6% (FO6), 10% (FO10) and 18% fish oil (FO18). n/a: samples not available.

  2008     Carp K1 (summer)   Zooplankton (summer)   Carp K1 (fall)   Zooplankton (fall)   Supplementary feeds                                                           
  -------- ------------------ ---------------------- ---------------- -------------------- --------------------- ------------ -------------- ------------ -------------- -----------
  Ref.     n/a                n/a                    n/a              n/a                  − 31.2 ± 0.3          10.8 ± 0.4   − 31.6 ± 0.3   8.4 ± 0.1    n/a            n/a
  VO1      − 27.4 ± 0.2       8.7 ± 0.3              − 24.8 ± 0.3     6.0 ± 0.2            n/a                   n/a          − 25.4 ± 1.0   6.0 ± 0.3    − 21.9 ± 0.0   2.8 ± 0.0
  VO3      − 29.5 ± 0.8       11.7 ± 0.0             − 31.9 ± 1.0     9.0 ± 0.5            − 28.2 ± 0.3          10.8 ± 0.2   − 31.3 ± 0.3   9.0 ± 0.5    − 22.7 ± 0.0   3.4 ± 0.0
  FO6      − 23.0 ± 0.4       8.5 ± 0.4              − 31.5 ± 1.4     8.0 ± 0.3            − 23.4 ± 0.0          6.9 ± 0.2    − 22.0 ± 0.2   7.6 ± 0.1    − 16.3 ± 0.0   2.6 ± 0.0
  FO10     − 23.0 ± 0.2       8.3 ± 0.4              − 32.0 ± 0.2     9.2 ± 0.1            − 22.8 ± 0.1          7.8 ± 0.1    − 28.2 ± 0.6   8.7 ± 0.3    − 20.9 ± 0.0   4.7 ± 0.0
  FO18     − 22.5 ± 0.3       9.6 ± 0.2              − 30.5 ± 0.5     12.1 ± 0.2           − 22.2 ± 0.2          9.0 ± 0.2    − 24.5 ± 0.2   8.7 ± 0.5    − 21.0 ± 0.0   5.8 ± 0.0
                                                                                                                                                                         
  2009     Carp K2 (summer)   Zooplankton (summer)   Carp K2 (fall)   Zooplankton (fall)   Supplementary feeds                                                           
                                                                                                                                                                         
  δ^13^C   δ^15^N             δ^13^C                 δ^15^N           δ^13^C               δ^15^N                δ^13^C       δ^15^N         δ^13^C       δ^15^N         
                                                                                                                                                                         
  Ref.     n/a                n/a                    − 35.0 ± 1.2     9.0 ± 0.6            − 30.6 ± 1.7          10.3 ± 0.3   − 33.8 ± 2.3   9.0 ± 0.3    n/a            n/a
  VO1      − 25.8 ± 2.4       9.0 ± 0.4              − 28.1 ± 0.9     6.7 ± 0.6            − 26.4 ± 0.7          9.2 ± 1.2    − 26.1 ± 0.2   6.1 ± 0.0    − 22.1 ± 0.0   3.1 ± 0.0
  VO3      − 27.3 ± 0.2       7.9 ± 0.3              − 30.4 ± 0.7     5.3 ± 0.2            − 28.1 ± 0.1          7.6 ± 0.2    − 27.9 ± 1.7   3.7 ± 1.3    − 22.5 ± 0.0   3.2 ± 0.0
  FO6      − 24.2 ± 0.2       7.9 ± 0.4              − 24.7 ± 0.1     8.2 ± 0.4            − 24.2 ± 0.4          7.5 ± 0.3    − 26.0 ± 0.6   7.9 ± 0.1    − 21.7 ± 0.0   3.0 ± 0.0
  FO10     − 23.5 ± 0.1       7.9 ± 0.2              − 27.0 ± 0.5     9.6 ± 0.5            − 23.1 ± 0.5          8.2 ± 0.1    − 27.7 ± 1.8   8.9 ± 1.4    − 21.2 ± 0.0   5.4 ± 0.0
  FO18     − 24.6 ± 0.2       10.3 ± 0.6             − 30.0 ± 1.0     7.5 ± 0.8            − 24.2 ± 0.3          10.4 ± 0.4   − 32.3 ± 0.3   11.0 ± 0.3   − 21.4 ± 0.0   7.3 ± 0.0
